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Abstract: Herein, a complete study of the electrochemical behavior of the most commonly used
tetracycline antibiotics (TCs) on unmodified carbon screen-printed electrodes (SPEs) is presented.
In addition, the oxidation pathway of TCs on SPE is elucidated, for the first time, with liquid
chromatography-quadrupole time-of-flight mass spectrometry (LC-QTOF-MS). Square wave voltam-
metry (SWV) was used to study the electrochemical fingerprint (EF) of the antibiotics shaping the
different oxidation processes of the TCs in a pH range from 2 to 12. Their characteristic structure
and subsequent EF offer the possibility of distinguishing this class of antibiotics from other types.
Under the optimized parameters, calibration curves of tetracycline (TET), doxycycline (DOXY),
oxytetracycline (OXY), and chlortetracycline (CHL) in a Britton Robinson buffer solution (pH 9)
exhibited a linear range between 5 and 100 µM with excellent reproducibilities (RSDTET = 3.01%,
RSDDOXY = 3.29%, RSDOXY = 9.78% and RSDCHL = 6.88% at 10 µM, N = 3) and limits of detection
(LOD) of LODTET = 4.15 µM, LODDOXY = 2.14 µM, LODOXY = 3.07 µM and LODCHL = 4.15 µM.
Furthermore, binary, tertiary, and complex mixtures of all TCs were analyzed with SWV to investigate
the corresponding EF. A dual pH screening (pH 4 and pH 9), together with the use of a custom-made
Matlab script for data treatment, allowed for the successful confirmation of a single presence of TCs
in the unknown samples. Overall, this work presents a straightforward study of the electrochemical
behavior of TCs in SPE, allowing for the future on-site identification of residues of tetracycline
antibiotics in real samples.

Keywords: tetracycline antibiotics; electrochemical fingerprint; liquid chromatography mass
spectrometry; oxidation pathway

1. Introduction

Tetracycline antibiotics (TCs) produced by Streptomyces are broad-spectrum agents
characterized by containing four condensed aromatic rings known as naphthacene cores
(see Figure S1). TCs are especially effective against a broad variety of Gram-positive and
Gram-negative bacteria, such as Staphylococcus, Streptococcus, Pneumococcus, Gonococcus,
Cholera, Dysentery bacillis, Pertussis, Rickettsia, Chlamydia, and Mycoplasma [1,2]. Since
their first introduction into medicine in the 1940s, antibiotics have been widely used in
livestock farming—as veterinary medicines, feed additives, growth promoters [3], or to
prevent/treat mastitis and metritis in cows [4]—and in healthcare for the treatment of many
different infections, such as respiratory tract infections, urethritis and severe acne, or even
malaria [5,6]. TCs can be divided into four main types: tetracycline (TET), doxycycline
(DOXY), oxytetracycline (OXY), and chlortetracycline (CHL), which are most often applied
to livestock animals (including honeybees) because of their affordability [5]. However,
during the last decades, the generation of new TCs has increased considerably, with more
than nine different types of TC [1]. The action mechanism of TC lies in its active transport
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into the cells of the susceptible bacteria, for the inhibition of protein biosynthesis after
binding to the 30S ribosomal subparticle [1,7].

In spite of its unquestionably antibacterial clinical application, the excessive use of TCs
exhibits important disadvantages and concerns in our society. First, some examples are the
possible allergic sensibilization of exposed individuals (raising intracranial pressure and
skin infections, such as rosacea or perioral dermatitis) [8] and adverse effects, including
gastrointestinal disturbances (due to the selective pressure that antimicrobial drug residues
may exert over human gut microflora) and renal dysfunction [6,9]. Moreover, TCs have
been described as hepatotoxic, more dangerous during pregnancy [8,10], and carcinogenic
agents, therefore, exposure to them should be reduced to the minimum possible level [11].
Finally, the overuse of these antibiotics promotes resistance genes in bacteria [12]. These
resistant bacteria may spread from animals to humans via the food chain [13]. Thus,
pathogens could possibly become resistant to these drugs leading to a failure risk of the
antibiotic treatment, decreasing its efficiency and triggering potential negative effects for
both human and animal health [5,13,14].

According to the World Health Organization (WHO), more than half of the global
production of antibiotics is used in farm animals [15]. As TCs have been widely used for
animal feed, meat, milk, and fish production, the analytical methods developed are mainly
focused on their determination in food samples. Although a maximum residue limit (MRL)
has been set for these compounds in food-safety control programs in many countries (see
Table S1, MRLs established by European Union), a fast and sensitive analytical method is
still needed for achieving the lowest possible detection limit [5].

On the other hand, as TCs are difficult to completely decompose in the body of animals
and people, significant quantities of the toxic TC are discharged into the environment [16].
In this way, residues of TCs can also be heavily adsorbed into environmental materials, as
well as in waste effluents from hospitals and pharmaceutical industry, where they keep
their activity, leading to bacterial resistance [17]. For example, it has been demonstrated
that OXY remains undegraded for more than ten months when it is adsorbed in marine
sediments and soils [17]. A few studies have reported that the concentration of TCs in
groundwater and surface water is as high as 0.2–10 nM, which may be sufficient to cause
serious pollution of the aquatic environment [16]. However, the possible contamination of
ground water is largely unknown [18], and the exhaustive control of these residues in the
environment should be addressed in the near future [19,20]. Hence, accurate monitoring,
based on highly sensitive and selective user-friendly sensors for in situ application, is
urgently required.

Electrochemical-based detection is of particular interest due to its remarkable advan-
tages, such as low cost, excellent sensitivity, portability, and fast response in comparison to
laboratory-based equipment such as high-performance liquid chromatographic (HPLC),
spectrophotometry, or capillary electrophoresis, which require relatively expensive in-
strumentation, have long analysis times, and entail trained personnel [6,21]. Moreover,
electrochemical sensors manufactured using screen-printing technology offer huge advan-
tages, utilizing the progressive drive towards miniaturized, sensitive, and portable device
and making them user-friendly and disposable [22].

During the last decades, the electrochemical detection of several types of TCs has
been pursued using different approaches. Biorecognition is one of the most common strate-
gies and uses aptamer-based sensors [23–32], which are the most recent and commonly
found in the literature, followed by enzyme-linked immunoassay (ELISA) functionaliza-
tion [14,15,33,34], and sensors based on molecular imprinted polymers (MIPs) [35,36] or
antibodies [8,37,38] (see Table S2). Furthermore, the oxidation of TCs has been reported us-
ing diverse types of electrodes and materials, ranging from metallic nanoparticles [39–45],
graphene oxide [46–50], composites [43,51–55], gold [3,11,56], boron-doped diamond elec-
trode (BDDE) [57–60], ruthenium oxide-hexacyanor-uthenate (RuO-RuCN) [61], or multi-
wall carbon nanotubes (MWNTs) [17,21] (Table S3). Interestingly, several cases have shown
a combination of electrochemical detection (ED) with other analytical methods, such as



Chemosensors 2021, 9, 187 3 of 17

HPLC [59,62,63], as well as flow-injection (FI) [6,57,58,64–66] (see Table S3). However,
to date, few studies have explored and reported an understanding of the basis of the
electrochemistry of TCs per se. One example is the work reported by Hou et al., where
the authors studied the electrochemical behavior of four different TCs by cyclic voltam-
metry and differential pulse voltammetry at electrochemically pre-treated glassy carbon
electrodes [67]. Furthermore, there is a lack of information and publications specifically
showing the oxidation pathways and their corresponding oxidation products.

Herein, a meaningful study of the electrochemical behavior of the most commonly
used TCs (TET, DOXY, OXY, and CHL) on carbon screen-printed electrodes (SPE), as
well as the elucidation of the oxidation pathway on the SPE via liquid chromatography-
quadrupole time-of-flight mass spectrometry (LC-QTOF-MS), is for the first time presented.
First, the voltammetric response of the four TCs at different pHs (ranging from 2 to 12) was
measured, to explore their characteristic electrochemical fingerprints (EF). Afterwards, the
selective identification of single TCs and the influence of binary and complex mixtures on
the EF of TCs was studied by square wave voltammetry (SWV), using a dual pH strategy
(pH 4 and pH 9). Moreover, a custom-made data treatment based on Matlab software was
used to enhance the peak separation, thus facilitating the identification of the TCs [68,69].
In parallel, the oxidation mechanism of TCs was studied by analyzing partially electrolyzed
samples with LC-QTOF-MS, aiming to understand the redox processes at the carbon SPE.
Overall, the characteristic EF of TCs shown in this work enables a clear discrimination
between them and other antibiotics, due to their specific electrooxidation processes. This
rapid and low-cost profiling approach will ultimately allow the identification of TET, DOXY,
OXY, and CHL in a decentralized manner.

2. Materials and Methods
2.1. Reagents

Tetracycline antibiotic with >91% purity was obtained from Alfa Aesar Thermo Fisher
(Kandel) Germany, doxycycline hyclate purity >98% and chlortetracycline hydrochloride
purity >89.5% were purchased from Acros Organics (Geel, Belgium), and oxytetracycline
hydrochloride purity 95% was acquired from TCI Tokyo Chemical Industry. Phenol
with purity 99% was obtained from J&K scientific GmbH, Germany. Benz[b]anthracene,
N,N-dimethylcyclohexylamine and 6,11-dihydroxy-5,12-naphthacenedione, as well as all
analytical grade salts of potassium chloride, sodium phosphate, sodium acetate, sodium
borate, and potassium hydroxide were purchased from Sigma-Aldrich (Overijse, Belgium).
All TCs stocks were prepared in 18.2 MΩ cm−1 doubly deionized water, except TET
stock, which was prepared in ethanol, all in a concentration of 10 mM. Electrochemical
measurements were performed in Britton Robinson buffer at 20 mM ionic strength with a
supporting electrolyte 100 mM KCl by applying 50 µL of the buffer onto the SPE.

2.2. Instrumentation and Apparatus

All solutions were prepared in 18.2 MΩ cm−1 doubly deionized water (Sartorius,
Arium® Ultrapure Water Systems). The pH was measured using a 913 pH meter consisting
of a glass pH electrode (6.0262.100) with a reference electrolyte 3 M of KCl from Metrohm
(The Netherlands).

All SWV measurements were performed using a MultiPalmSens4 or EmStat Blue
potentiostats (PalmSens, The Netherlands) with PSTrace/MultiTrace or PStouch software,
respectively. Disposable ItalSens IS-C graphite screen-printed electrodes (SPE) (provided by
PalmSens, Utrecht, The Netherlands), containing a graphite working electrode (Ø = 3 mm),
a carbon counter electrode, and a (pseudo) silver reference electrode were used for all
measurements. The optimized SWV parameters: potential range of 0–1.5 V, frequency
10 Hz, 35 mV amplitude, and 5 mV step potential were used (see Supplementary Material).
All the voltammograms were background corrected using the “moving average iterative
background correction” (peak width = 1) tool in PSTrace software.
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A custom-made script (Matlab R2018b, MathWorks, Natick, MA, USA) [68,69] was
used after the analysis by SWVs to enhance peak identification. In brief, the script removes
the background signal and applies a top-hat filter that provides an enhanced separation of
overlapped peaks, which permits a successful identification of the TCs at pH 9 [70].

The chromatography-mass spectrometry experiments were performed on an liquid
chromatograph coupled to a quadrupole time-of-flight mass spectrometer (LC-QTOF-
MS) using electrospray ionization (ESI) in positive mode. The apparatus consisted of
a 1290 Infinity LC (Agilent Technologies, Wilmington, DE, United States) connected to
a 6530 Accurate-Mass QTOF-MS (Agilent Technologies) with a heated-ESI source (Jet-
Stream ESI). Further information on the LC-QTOF-MS conditions can be found in the
Supplementary Material.

3. Results and Discussions
3.1. Electrochemical Behavior of Tetracyclines via SWV

The electrochemical behavior of TCs was studied on carbon SPE in the whole pH
range (2–12) using SWV. SWV was chosen because it is considered a faster and more
sensitive technique, which allows for a better resolution and separation between peaks of
the oxidation processes in comparison with cyclic voltammetry (CV) [71]. It is important to
highlight that TCs are derived from a system of four six membered rings arranged linearly
with characteristic double bonds and they have several functional groups, resulting in
strong complexing properties [72]. The high similarity between structures (i.e., all TCs
contain the same phenolic and di(methyl)amino substituents on position 10 and 4, respec-
tively [73]) (Figure S1a–e) allows for an easy electrochemical discrimination from other
types of antibiotics, such as amoxicillin or penicillin (see Figure 1). Therefore, it is expected
that the electrochemical oxidation of the TCs will occur through the aforementioned moi-
eties. Accordingly, two main oxidation peaks were observed in all TCs during the pH
screening, with the exception of the appearance of a third oxidation process at basic pH or
the merge of all the peaks at neutral pH (Figure 2). Figure 2 shows the EF of TCs (black
lines), exhibiting similar electrochemical oxidation processes. Few noteworthy similarities
were found between the EF in the couples TET–OXY and DOXY–CHL at pHs below 7,
whereas the similarity among the couples becomes the opposite at higher pHs (TET–CHL
and DOXY–OXY). As reported in the literature, TCs have variable charges on different
sites, depending on the pH of the solution, because they contain three ionizable groups
(tricarbonyl, dimethylammonium, and phenolic-diacetone) [10,74]. Hence, when the pH is
under 4, TC exists as a cation (TCH3+), due to the protonation of the dimethylammonium
group (pKa = 9.7). At a pH between 3.5 and 7.5, TC exists as a zwitterion (TCH2

0), due to
the loss of a proton from the phenolic diketone moiety (pKa = 7.7). At a pH higher than
7, TC exists as an anion (TCH− or TC2−), due to the loss of protons from the tri-carbonyl
system (pKa = 3.3) and phenolic diketone moiety [75].

Taking into account the three ionizable groups, whole pH screening (2–12) was sub-
sequently carried out using another four chemical compounds with similar structures
(see Figure S1f–i) in order to confirm the origin of the oxidation peaks. Figure 2 sum-
marizes the EF of the four TCs (black lines) and the other chemical compounds using
the entire range of pH, and Figure S2 shows those afterward selected as optimal, pH 4
and pH 9. Benz[b]anthracene (Figure S1f) was identified as the naphthacene core shared
by all TCs, thus, it was used as negative control. As expected, no oxidation peaks were
observed in the EF of Figure 2 and Figure S2 (grey dashed line). Phenol (Figure S1g)
directly corresponds with the phenolic substituent in position 10 (see Figure S1a), showing
similar electrochemical behaviors among the EFs, as can be seen in Figure 2 and Figure
S2 (blue dashed line). It is important to point out that the overlap between the EFs of
phenol and the TCs was not complete in some examples, such as DOXY and CHL (see
Figure 2b,d). This could be due to the presence of a chlorine atom in position 7 in the
case of CHL and the absence of the hydroxyl group (–OH) at position 6 in the case of
DOXY, which influences the oxidation, causing a shift towards higher potentials. Except
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for this minor shift, a clear visual correlation can be observed between both EFs (phenol
and TCs), which mostly coincides with the first oxidation peak of TCs in the pH screening.
Subsequently, N,N-dimethylcyclohexylamine (Figure S1h) was used in the experiment,
because of its tertiary amine ionizable group, to verify the origin of the second peak. As
can be seen in Figure 2 and Figure S2 (red dashed line), both EFs from the corresponding
TC and the N,N-dimethylcyclohexylamine overlap at pHs above 8, since the tertiary amine
is protonated bellow pH 7, making its oxidation difficult [68,76]. Last but not least, the
origin of a third oxidation process at higher potentials and basic pHs could be associated
with the oxidation of some hydroxyl groups present in the chemical structures of TCs.
To corroborate this, 6,11-dihydroxy-5,12-naphthacenedione (Figure S1i) was used, as it
contains hydroxyl groups in a naphthacene core. Interestingly, the suggested oxidation of a
hydroxyl group was shown as a peak at basic pHs (i.e., pH 9 to 12) (Figure 2 and Figure S2
green dashed line). Notably, the concentration of 6,11-dihydroxy-5,12-naphthacenedione
was increased until 1 mM to lighten the oxidation peaks in the voltammogram (green
dashed line, Figure 2 and Figure S2), while the rest of pH screenings were performed with
a concentration of 10 µM. Overall, the EF of TC is enriched at basic pH, exhibiting multiple
oxidation peaks attributed to the aforementioned oxidizable groups. A clear example
is shown for the TC at pH 9, were the obtained EF shows three overlapped oxidation
peaks. At this point, from a electrochemical point of view, the origin of the oxidation peaks
exhibited in the EF of the four TCs can be confirmed.

According to the EF, the best-resolved anodic signals for oxidation of TCs on SPE were
obtained at basic pHs due to the deprotonation of the oxidizable groups. However, the
possibility of a dual pH approach for a selective detection of TC was parallelly considered.
In particular, pH 9 was chosen as one optimal option, due to the similarities between
the couples TET–CHL and DOXY–OXY, which yielded EFs with three distinguishable
peaks (P1TET = 0.65 V, P2TET = 0.74 V, P3TET = 0.84 V and P1CHL = 0.64 V, P2CHL = 0.71 V,
P3CHL = 0.81 V) and two peaks (P1DOXY = 0.65 V, P2DOXY = 0.77 V and P1OXY = 0.65 V,
P2OXY = 0.78 V), respectively. These results differ from the previous studies reported in the
literature, where the more favorable peaks always appeared at acidic pHs [54]. However, it
is important to clarify that the oxidative processes and the oxidation potential may vary
depending on the type of electrode, which hinders a direct comparison.
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Figure 1. Comparison between (a) chemical structures and (b) peak potential range of the char-
acteristic electrochemical fingerprints of the tetracyclines (Doxycycline, pink region) with other
type of antibiotics, such as Amoxicillin and Cefadroxil (orange and grey region) or Cephalexin and
Penicillin G (green and blue region). Moving average corrected square wave voltammogram using a
concentration of 100 µM for each antibiotic, except for Penicillin G (1 mM).
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Figure S3 shows the shift in the oxidation peak potential of TC oxidation as a function
of pH (from pH 2 to 12) for the first peak corresponding to the phenol group (P1, blue
squares) and the second peak corresponding to the tertiary amine group (P2, red dots).
Indeed, the Ep for P1 and P2 shifts negatively with the increase of pH, which corresponds to
the oxidation process of phenolic compounds and tertiary amines [73]. When a regular shift
in the peak potential with pH is observed, this indicates the involvement of protons during
TC oxidation reaction [40]. Some authors stated that the first peak is due to the phenol
oxidation, whereas the second peak can be attributed to the oxidation of the intermediates
generated during the first reaction (redox process from hydroquinone to benzoquinone)
and that this can be justified because of the linear regions along the pH increment [40,73]. In
this case, the linear relationship (from pH 2 to pH 12) follows a pseudo-Nernstian response
in the case of the first peak (Ep (V)TET = −0.047 pH + 1.04, Ep (V)DOXY = −0.039 pH + 0.95,
Ep (V)OXY = −0.049 pH + 1.09, Ep (V)CHL = −0.044 pH + 0.97), probably caused by the
different overlapping of both peaks between pH 7 and 10 (see Figure S3), and a closer
to Nernstian response in the case of the second peak (Ep (V)TET = −0.053 pH + 1.22,
Ep (V)DOXY = −0.039 pH + 1.10, Ep (V)OXY = −0.049 pH + 1.2, Ep (V)CHL = −0.059 pH + 1.22).
Interestingly, the secondary peak of CHL reaches a plateau from pH 10 to pH 12, likely
due to the deprotonated tertiary amine (pKa = 8.61). The linear relationship suggests
the equal transfer of proton and electrons (2e−/2H+), matching the elucidated oxidation
pathway (see Scheme 1). Interestingly, the breaks of linearity evidence that the pKa of the
different moieties was reached during the pH screening [54]. It is important to highlight
that the electrodes and electrochemical approaches of the previously reported studies
were different from our conditions, making it difficult to compare between the observed
oxidation processes. Therefore, the elucidation of the oxidation pathway on the SPE by
LC-QTOF-MS is crucial for understanding and confirming the oxidation processes (see
Section 3.2).
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3.2. Elucidation of the Oxidation Pathway of Tetracyclines via LC-QTOF-MS

Understanding the oxidation processes taking place during the voltammetric scans
can play an important role in the development of efficient detection strategies [69]. Several
authors have tried to explain the oxidation of different TCs through voltammetric stud-
ies; some of these are very well summarized in the work reported by Calixto et al. [54].
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However, to the best of our knowledge, a profound analysis focussing on the identification
of oxidation products has not yet been reported. Therefore, in order to gain an insight
into the oxidation processes at the SPE and to identify possible oxidation products, TC
solutions were partially electrolyzed on SPE and subsequently analysed using LC-QTOF-
MS. A solution of 200 µM TCs was electrolyzed in Britton Robinson buffer pH 9 at 0.66 V
and 0.85 V and in pH 4 at 0.8 V and 1.0 V. After 60 min the electrolyzed samples were
diluted 1:5 with ultrapure water and directly injected into the equipment. The obtained
chromatograms are compared against the standards of TCs in the same concentration,
diluted 1:5. Figure 3 shows the results for DOXY, OXY, TET, and CHL (top, in black) and
the three main oxidations product, all information is summarized in Table S4.
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found after electrolysis in both Britton Robinson buffer pH 9: 0.66 V (red line) and 0.85 V (red dashed line), and pH 4: 0.8 V
(blue line) and 1.0 V (blue dashed line) for 60 min.

One product was principally formed for all four TCs during the electrolysis at lower
potentials, respectively 0.66 V for pH 9 and 0.80 V for pH 4. The structural information
needed to suggest the structures of the oxidation products lies in these MS/MS fragmen-
tation patterns. The key fragment in the case of the tetracyclines is “F2” (m/z 154.0498),
which includes the electrochemically active tertiary amine in the tetracycline structure. In
product 1 (D1, O1, T1 and C1), this F2 was not found as m/z 154.0498, but rather as 140.0340,
which elutes just before the remaining non-oxidized TC with a clear loss of −14 Da, indi-
cating the loss of a methyl-group. Surprisingly, the first electrochemical oxidation signal
is not related to the phenolic-moiety of the TCs, as was previously shown by the SWV
results, but rather the oxidation of the tertiary-amine group. During the oxidation process,
the tertiary amine is oxidatively converted to a secondary amine. This was confirmed by
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comparing the MSMS spectra of DOXY (Figure S4a) and the oxidation products D1 and
D2 (Figure S4b,c). Not only the mother-ion [M + H]+ of product D1 exhibits a clear loss of
the 14 Da compared to DOXY (m/z 431.1454 versus m/z 445.1603, see Table S4), but it can
also be seen in the typical fragment of m/z 154.0498 of DOXY observed in product D1 as
m/z 140.0430 (Figure S4a,b), corresponding with the loss of a methyl-group. Moreover, the
fragment that indicates the presence of the tertiary amine group, m/z 58.0657 ([C3H8N]+),
could not be observed for D1, while other fragments such as m/z 321.075 ([C19H13O5]+) and
m/z 267.065 ([C16H11O4]+) are identical to DOXY as they do not contain any nitrogen atoms.

For the electrolysis at higher potentials, namely 0.85 V for pH 9 and 1.00 V pH 4, a
second main oxidation product was formed (D2, O2, T2 and C2, Figure 3 and Table S4),
while the products of the first oxidation peak had almost completely disappeared. When
the molecular ion masses of the products are compared to the corresponding non-oxidized
TC, a clear addition of 16 Da is observed for all TCs, indicating that an additional oxygen
is incorporated into the structure. Based on the MSMS fragmentation pattern of D2 this
addition does not take place close to the tertiary amine group, as the fragment m/z 154.0498
can still be observed. Therefore, this product is formed during the oxidation of the phenolic-
moiety in the DOXY, and the same conclusion is attributed to the rest of the TCs. On
the other hand, it is extremely difficult to assign a specific position to the additional
hydroxyl-group in this product based on the LC-QTOF-MS analysis alone. In the literature,
for oxidative degradation of tetracyclines this is sometimes suggested to be at either
the para, meta, or ortho-position of the phenolic-group (OH groups indicated in red in
Scheme 1), whereas other articles suggest a similar product as for the enzymatic oxidation
of tetracyclines [16,77–79]. Herein, it is known that the oxidative addition takes place at the
11a position. At these higher potentials the newly formed incorporated hydroxyl-group
can be even oxidized, resulting in a keto analogue of the second oxidation product, which
corresponds to the remaining oxidation products D3, O3, T3, and C3 (Figure 3, Table S4).
However, this does not explain the appearance of the third oxidation peak previously
shown only for TET and CHL (Figure 2). However, the answer lies in the occurrence of a
second peak in the chromatogram at 4.72 min (m/z 445.1605) and 5.44 min (m/z 479.1233) of
the standards of TET and CHL, respectively. These products possess the same m/z-value as
the TC itself, meaning that they are rearranged degradation products specific to these TC.
It has been reported for TET and CHL that these two TCs are particularly sensitive to the
formation of iso(chlor)tetracycline [80]. Therefore, the formation of isotetracycline is the
most likely explanation for this part of the study and was also shown to be electroactive
by the HPLC coupled to an electrochemical detector (Figure S5). These results correlate
with the third oxidation peak observed throughout the SWV analysis. Hence, the redox
pathway suggested for the oxidation of tetracycline antibiotics is exhibited in Scheme 1.

3.3. Calibration Curves

A preliminary optimization was carried out before performing the calibration curve at
pH 9 to test the analytical performance of the sensor towards different TCs (Figure 4). First,
the influence of supporting electrolytes (potassium chloride, KCl) on the electrochemical
response was initially studied at pH 2 (Figure S6), showing an oxidation peak at ca. 0.95 V
corresponding to the oxidation of the phenolic moiety. Hence, 100 mM KCl was selected
as an optimal concentration for further experiments. Moreover, the optimization of the
SWV parameters—step potential (E step), amplitude, and frequency—was carried out (see
Figure S7). As a result, an E step of 5 mV, amplitude of 35 mV, and frequency of 10 Hz were
chosen as optimal conditions to obtain the best performance regarding the peak intensity,
better signal-to-noisy ratio, and/or the best adaptation to the specific software for data
treatment (Matlab script). Figure 4a–d displays the SW voltammograms of the TCs upon
increasing concentrations. Accordingly, Figure 4e–h exhibits the corresponding calibration
curves, with the calculated analytical parameters shown in Table 1. Subsequently, the
reproducibility (N = 3) of the SWV of the TCs at pH 9 in a concentration of 10 µM, as well as
the stability of the stock solutions (from 1 to 3 weeks) at pH 9 to test its possible degradation
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over time in the alkaline solution, were evaluated (Figures S8 and S9, respectively). The
results show excellent reproducibility, with RSD < 10% (Table 1). Moreover, negligible
degradation of DOXY, OXY, and CHL solution stocks in pH 9 was observed over time
(more than 3 weeks period), showing RSD values (N = 3) of 5.04%, 5.72%, and 5.15%,
respectively. On the other hand, TET exhibits higher degradation after the first week with
an RSD of 20.23% (N = 3), consistent with the change in color (from yellow to red) and the
appearance of precipitates.
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Table 1. Analytical parameters obtained from calibrations curves of TET, DOXY, OXY, and CHL in a
range from 1 to 100 µM concentration and RDS obtained from the reproducibility study (Figure S8).

TET DOXY OXY CHL

Sensitivity (µA µM−1) 0.013 0.030 0.015 0.020
R-squared 0.998 0.999 0.999 0.999

Linear range (µM) 5–100 5–100 5–100 5–100
Limit of detection (µM) 4.17 2.14 3.07 2.49
RSD (%) at 10 µM, N = 3 3.01 3.29 9.78 6.88

3.4. Data Treatment towards an Enhanced Peak Analysis

A Matlab script was designed to improve the identification of the oxidation peaks
in the EF [68,69]. In particular, for the cases in which the overlapping of signals creates
shoulders and tails in the peak, the aforementioned tool improves the peak separation, and
thus the peak identification, allowing for a trustworthy compound identification based on
the characteristic oxidation processes of the EF [70]. Hence, the script was implemented
for all the EF obtained during the pH screening. After studying the general behavior
of the TCs at different pHs, two pHs exhibited a characteristic enrichment of the EFs:
(i) pH 9 showed high peak intensity and interesting EF similarities (same Ep) between the
couples TET–CHL (with three peaks, P1TET = 0.65 V, P2TET = 0.74 V, P3TET = 0.84 V and
P1CHL = 0.64 V, P2CHL = 0.71 V, P3CHL = 0.81 V) and DOXY–OXY (in contrast showing two
peaks, P1DOXY = 0.65 V, P2DOXY = 0.77 V and P1OXY = 0.65 V, P2OXY = 0.78 V, respectively),
and (ii) pH 4 due to the easy identification between the peak potentials of two different
couples of TCs, TET–OXY (P1TET = 0.84 V, P2TET = 1.02 V, P1OXY = 0.85 V, P2OXY = 1.02 V)
and DOXY–CHL (P1DOXY = 0.75 V, P2DOXY = 0.99 V, P1CHL = 0.76 V, P2CHL = 1 V). Therefore,
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a dual pH strategy might permit the selective determination of specific TCs based on the
EF in an unknown sample.

Figure 5 summarizes the comparison of SWVs obtained from the potentiostat software
(i.e., baseline corrected by moving average correction), and after employing data analysis
(i.e., tailor-made script) of the four TCs at pH 4 and pH 9. The script did not improve
the peak separation for pH 4 (Figure 5a–b). On the contrary, the script was crucial to
elucidate the number of peaks at pH 9 that potentially correspond to different oxidation
processes. Figure 5c shows the SWVs of TCs that clearly exhibit shoulders on oxidation
peaks corresponding to partially overlaying signals of different electroactive groups. After
data analysis (Figure 5d), an improved peak separation was accomplished, allowing for an
easy identification of the specific EF for each TC, showing three peaks in the case of TET
and CHL, and only two peaks in the case of DOXY and OXY. Therefore, at this point, a
two-step protocol was established for the determination of TET, DOXY, OXY, and CHL: (i) a
preliminary screening at pH 4 to obtain a first identification between two different couples
(TET–OXY or CHL–DOXY), followed by (ii) a confirmatory screening at pH 9 to elucidate
the specific TC present in the sample, taking advantage of the similarities between the
different couples (three peaks in the couple TET–CHL and two peaks in DOXY–OXY).
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Figure 5. Data treatment with Matlab script to improve peak separation/identification. (a) Baseline-
corrected SWVs of tetracyclines at pH 4, (b) output signal after the application of the script at pH 4,
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after the application of the script at pH 9.

3.5. Single, Binary, Tertiary, and Complex Mixtures of TCs

The aim of the proposed approach was not just being able to distinguish TCs among
other antibiotics (which was successfully shown in Figure 1), but also between themselves,
and thus to identify possible overlapping and suppression effects, which could lead to false
positive and false negative results, respectively. Therefore, apart from being able to detect
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single TCs in an unknown sample, the next step was to analyze if different TCs could be
identified in binary, tertiary, or quaternary mixtures. Figure S10 shows another example
where all TCs in different mixtures at pH 9 can be compared between the SWVs obtained
from the potentiostat software (i.e., moving average correction), and after employing data
analysis (i.e., tailor-made script), which facilitates the separation between peaks. It is
worth mentioning that the treated signal after the script does not correspond to the current
intensity of the SWVs, thus producing signals for a qualitative analysis.

Figure 6 displays the whole summary of single, binary, tertiary, and quaternary
combinations of the four studied TCs at pH 4 (Figure 6a) and pH 9 (Figure 6b). A dashed
line color code has been added to facilitate the identification of the TC present in the
corresponding mixture, i.e., orange for TET, green for DOXY, blue for OXY, and purple
for CHL. As can be seen from the figure, if a single TC is present in the sample, the
identification can be successfully achieved (green tick) by the dual pH strategy and the
Matlab script (only required at pH 9, see Figure S10). As a practical example, if an EF
showing two peaks at 0.82 V and 1.1 V is obtained at pH 4, one could easily identify the
presence of TET or OXY. Afterwards, a second SWV at pH 9 is carried out to confirm which
TC is present in the sample. Therefore, the appearance of two peaks (after Matlab script) at
0.63 V and 0.79 V means that the TC present in the sample is OXY.

Chemosensors 2021, 9, x FOR PEER REVIEW 13 of 18 
 

 

Figure 6 displays the whole summary of single, binary, tertiary, and quaternary com-
binations of the four studied TCs at pH 4 (Figure 6a) and pH 9 (Figure 6b). A dashed line 
color code has been added to facilitate the identification of the TC present in the corre-
sponding mixture, i.e., orange for TET, green for DOXY, blue for OXY, and purple for 
CHL. As can be seen from the figure, if a single TC is present in the sample, the identifi-
cation can be successfully achieved (green tick) by the dual pH strategy and the Matlab 
script (only required at pH 9, see Figure S10). As a practical example, if an EF showing 
two peaks at 0.82 V and 1.1 V is obtained at pH 4, one could easily identify the presence 
of TET or OXY. Afterwards, a second SWV at pH 9 is carried out to confirm which TC is 
present in the sample. Therefore, the appearance of two peaks (after Matlab script) at 0.63 
V and 0.79 V means that the TC present in the sample is OXY. 

After the binary mixtures are introduced, the complexity of the exercise increases, 
making possible a proper identification in some cases (i.e., DOXY + OXY and TET + DOXY, 
Figure 6b). Other mixtures lead to inconclusive results (orange question mark), such as 
TET + CHL and TET + OXY, where the middle peaks corresponding to CHL and TET 
appear with a slight shoulder after applying the Matlab script, instead of being clearly 
separated. Unfortunately, tertiary and quaternary mixtures of TCs were very difficult to 
determine (red cross). Future steps will consider a deeper exploration and optimization 
in both the electrochemical setup and the Matlab script. Nevertheless, it is important to 
again point out that although the identification becomes challenging upon increasing the 
complexity of the mixtures, it is still possible to distinguish the entire class of TCs from 
other types of antibiotics (Figure 1). 

 
Figure 6. Electrochemical fingerprint of TCs in all type of combinations and mixtures at (a) pH 4, 
SWVs raw data (moving average correction) and (b) pH 9, output signal after the application of the 
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SWVs raw data (moving average correction) and (b) pH 9, output signal after the application of the
script. The successful recognition of the TC is represented in the figure with a green tick (

√
), followed

by an orange question mark (?) or a red cross (X) for inconclusive and unsuccessful identifications,
respectively.
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After the binary mixtures are introduced, the complexity of the exercise increases,
making possible a proper identification in some cases (i.e., DOXY + OXY and TET + DOXY,
Figure 6b). Other mixtures lead to inconclusive results (orange question mark), such as
TET + CHL and TET + OXY, where the middle peaks corresponding to CHL and TET
appear with a slight shoulder after applying the Matlab script, instead of being clearly
separated. Unfortunately, tertiary and quaternary mixtures of TCs were very difficult to
determine (red cross). Future steps will consider a deeper exploration and optimization
in both the electrochemical setup and the Matlab script. Nevertheless, it is important to
again point out that although the identification becomes challenging upon increasing the
complexity of the mixtures, it is still possible to distinguish the entire class of TCs from
other types of antibiotics (Figure 1).

4. Conclusions

This work reveals, for the first time, a complete study of the electrochemistry of four
different tetracyclines (TC) antibiotics: tetracycline (TET), doxycycline (DOXY), oxytetracy-
cline (OXY), and chlortetracycline (CHL). The aim of the present manuscript was to collect
detailed information about the oxidation processes of these TCs from both electrochemical
and chromatographic points of view, in order to clarify the reactions and pave the way
towards the development of more accurate and reliable detection platforms. Furthermore,
a broad overview of the previously reported electrochemical sensors and biosensors based
on surface modification, aptamers, antibodies, enzymes, or MIP for TC determination
was included. From the electrochemical section, the electrochemical fingerprint of the
tetracyclines in the whole pH range (from 2 to 12) was studied via SWV on unmodified
carbon SPEs. Moreover, the main oxidation processes were attributed to the corresponding
electroactive groups (i.e., phenol, tertiary amine, and hydroxyl groups) by comparing
the electrochemical behavior of TCs with different chemical compounds sharing similar
moieties. In addition, a successful protocol for the identification of a single TC in unknown
samples was developed based on a dual pH strategy and an innovative custom-made
script designed to enhance the separation between oxidation peaks. Subsequently, from
a chromatographic perspective, the oxidation mechanism of the TCs was elucidated for
the first time by LC-QTOF-MS and different oxidation products were clearly detected and
identified after the electrolysis at SPE. Overall, this work encompasses relevant information
about the electrochemical behavior of TCs and points out a simple, rapid, and reliable
electrochemical approach for the identification of tetracycline antibiotics in combination
with a custom Matlab script. The present work aims to pave the way and bring new insights
towards the development of future analytical platforms for the reliable determination of
antibiotics in decentralized settings.
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